This report describes a CCM key comparison of hydraulic pressure standards of nine National Metrology Institutes that was carried out in the period from November 2002 to June 2004 in order to determine their degrees of equivalence in the range 10 MPa to 100 MPa of the gauge pressure. The pilot laboratory was PTB. The primary pressure standards were pressure balances of different design equipped with piston-cylinder assemblies operated in freedeformation, controlled-clearance or re-entrant operation mode. The transfer standard was a pressure balance equipped with a piston-cylinder assembly and a mass set. The pressuredependent effective areas of the transfer standard at specified pressures were reported by the participants and led to the reference values calculated as medians. All participants' results agree with the reference values and with each other within the expanded uncertainties calculated with a coverage factor 2, most of them even within their standard uncertainties. In addition, the results were analysed in terms of the zero pressure effective area and the pressure distortion coefficient. Also for them agreement within expanded uncertainties (k=2) is observed. The results of the comparison demonstrate equivalence of the laboratory standards and support their measurement capability statements.
Introduction
In May 1996 the Comité Consultatif pour la Masse et les grandeurs apparentéès (CCM) approved proposals by the Pressure Working Groups that identified six pressure ranges for Key Comparisons (KC) and the type of transfer standards to be used. The objective of these comparisons is to state the degree of equivalence of primary pressure standards maintained by National Metrology Institutes (NMIs) -the signatories of the Mutual Recognition Arrangement (MRA). One of the six key comparisons was in the range 10 MPa to 100 MPa of hydraulic pressure.
A former comparison in the pressure range 20 MPa to 100 MPa was carried out between 1981 and 1989, and its results were approved for provisional equivalence and included in the KC data base of the Bureau International des Poids et Mesures (BIPM), where the comparison is identified as CCM.P-K11. At the CCM High Pressure Working Group meeting held at BIPM on 22 May 2002, it was decided to carry out a new key comparison in the range 10 MPa to 100 MPa. This comparison, which is identified as CCM.P-K7, is aimed to renew the equivalence statements derived from comparison CCM.P-K11.
In the discussion at the meeting of 22 May 2002 it was stressed that, besides the task of linking the results of the regional comparisons performed in the same pressure range, the actual comparison should demonstrate the state of the art in the 100 MPa range and, additionally, to give opportunity to the laboratories of highest level to support their uncertainty statements made in their Calibration Measurement Capability (CMC) Tables. For this reason, the originally assumed number of participants of six -two institutes-members of the European (EUROMET), Asia-Pacific (APMP) and American (SIM) Regional Metrology Organizations -was finally extended to nine as listed above. The PTB agreed to be the pilot laboratory in this comparison.
The comparison was conducted in accordance with the Technical Protocol prepared by the PTB and approved by the participants.
Laboratory standards and measurement methods of the participants
All the laboratory standards (LS) used were pressure balances equipped with piston-cylinder assemblies. Different methods were applied by the participants to compare their standards with the transfer standard (TS).
PTB pressure balance
The PTB used a home-made pressure balance with a piston-cylinder assembly identified as Ruska 703/1 whose properties are given below together with measurement conditions. The zero-pressure effective area of LS (A 0,LS ) is traceable through a series of calibrations to 5 cm 2 oil-operated piston-cylinder assemblies whose effective area was determined by dimensional measurements [1] . The pressure distortion coefficient of LS (λ LS ) was determined by the Finite Element Analysis from the assembly's dimensional properties and elastic constants [2] . The pressure equilibrium between LS and TS was established by controlling the piston fall rates of LS and TS.
IMGC-CNR pressure balance
The IMGC-CNR used a home-made pressure balance with a piston-cylinder assembly identified as IMGC-100NNc.t. whose properties are given below together with measurement conditions. The zero-pressure effective area was determined by dimensional measurements made at IMGC-CNR and repeated during the comparison period. The pressure distortion coefficient was determined by FEM elastic distortion calculation and compared with elastic distortion measurements by strain gauges on the outer surface of the cylinder [3] . The pressure equilibrium between LS and TS was established by controlling the piston fall rates of LS and TS.
Manufacturer

BNM-LNE pressure balance
The BNM-LNE standard used in the comparison was the national standard for (6 to 200) MPa range equipped with piston-cylinder assembly N° 5 developed in cooperation with Desgranges et Huot (DH). The assembly was used in controlled clearance mode, with a counter-pressure equal to 1/4 of the measurement pressure. The standard was described in [4] . The effective area at null pressure has been determined by comparison with the 10 MPa standard used for the CCM.P-K1c, itself traceable to the primary standard in the range 10 kPa to 1 MPa [5] . The pressure distortion coefficient has been determined using the experimental method developed at the BNM-LNE. This method is based on fall rate measurements and cross-floating experiment under variable conditions of counter -pressure. It has been applied to 5 assemblies of the same geometry in order to demonstrate its consistency. The piston-- The effective area and distortion coefficient of this standard are traceable via a series of crossfloat comparisons to a 25 mm diameter piston-cylinder assembly which has been calibrated by dimensional metrology at the NPL. The distortion coefficient of the 25 mm piston-cylinder has been estimated by FEM. The pressure equilibrium between LS and TS was established by monitoring and adjusting the piston fall rates of LS and TS.
CENAM pressure balance
The CENAM used the national pressure standard with a piston-cylinder unit serial no. 5716 whose properties are given below together with measurement conditions. The zero-pressure effective area of LS is traceable through a series of calibrations to a 10 cm 2 gas-operated piston-cylinder assembly whose effective area was determined by dimensional measurements. The pressure distortion coefficient was determined by the "simple" formula from assembly's dimensional properties and elastic constants supplied by the manufacturer.
2.6
NIST pressure balance
The NIST used the national pressure standard with a piston-cylinder unit known as PG41. Its properties and measurement conditions are given below. As the LS and TS use different fluids, they were separated with a metal diaphragm interface, which was a Ruska Differential Pressure (DP) Cell (Ruska model 2413, 140 MPa full scale). The diaphragm of the DP Cell was oriented in the horizontal plane within 1 mm of the reference level of the LS. The DP Cell was calibrated at ambient pressure to determine the sensitivity of the voltage output to a differential pressure. The differential pressure was set with oil manometers. The sensitivity for -0.5 V < output < 0.5 V is about 100 Pa/V. During a cross-float, equilibrium within 5 Pa was established. The DP Cell was also calibrated for the shift in the voltage output (for zero differential pressure) as the mean operating pressure changed. This was accomplished by subjecting both sides of the cell to the same pressure, produced by PG41 with Spinesstic, and noting the position of the zero-potentiometer required to null the output. The DP Cell and the method used to determine pressure equilibrium during a cross-float is believed to introduce a standard uncertainty in pressure of 41 Pa. After the calibration of the DP Cell and prior to performing the measurement cycles of the comparison, both sides of the Cell were flushed with the respective fluids from the pressure balances.
INMS/NRC pressure balance
The INMS/NRC used the national pressure standard with a piston-cylinder unit whose properties are given below together with measurement conditions. The zero-pressure effective area of LS is traceable to the NRC primary mercury manometer through a series of cross-float measurements between the LS, a 10 cm 2 gas -operated pistoncylinder assembly and the mercury manometer. The pressure distortion coefficient was determined theoretically using dimensional properties and elastic constants supplied by the manufacturer.
NMIJ/AIST pressure balance
The NMIJ/AIST used the national pressure standard with a piston-cylinder unit whose properties are given below together with measurement conditions. The zero-pressure effective area of the LS is traceable through a series of calibrations to larger diameter piston-cylinder assemblies whose effective areas have been evaluated by the NMIJ/AIST mercury manometer and/or dimensional measurements. The pressure distortion coefficient of the LS was determined from cross-float measurements against the NMIJ/AIST controlled-clearance type pressure balance which was characterized experimentally at NMIJ/AIST. The difference of the pressures generated by LS and TS was determined using a high-resolution pressure transducer which was alternatively connected to the first and to the second pressure balance [6] .
NPLI pressure balance
The NPLI used the national pressure standard with a piston-cylinder unit whose properties are given below together with measurement conditions. The zero-pressure effective area and the pressure distortion coefficient of the LS were determined from cross-float measurements against a primary controlled-clearance piston gauge [7] .
Transfer standard
The transfer standard is described in detail in the Technical Protocol of the comparison. It was a DH piston-cylinder assembly of 0.1 cm 2 nominal effective area with serial number 1017 and was mounted in a DH pressure balance model 5306, equipped with a carrying bell, a set of 20 masses totalling 99 kg, a temperature probe, and all other parts required for the operation of the pressure balance and connecting it to the LS. The pressure-transmitting medium in the TS is DHS. Its density as a function of pressure and surface tension were provided by PTB.
The piston-cylinder assembly is made of tungsten carbide. The cylinder cap is made of stainless steel. According to the manufacturer information, the tungsten carbide of the assembly has the following properties: Young's modulus E = 620 GPa Poisson's coefficient µ = 0.218
Linear thermal expansion coefficient α = 4.5⋅10 -6 1/°C. This value was confirmed by the hydrostatic weighing method applied to the cylinder of the TS at PTB at the end of the comparison. The conventional masses and associated uncertainties were determined at PTB for the piston, the carrying bell and the mass pieces. These data were provided to the participants together with the corresponding densities. The temperature probe -a platinum resistance thermometer -was calibrated at PTB, and the formula for the temperature-resistance dependence in the temperature range (18.5 to 24.5) °C was given. Each participant used their own electronics to measure the thermometer resistance. The piston working position and the pressure reference level were specified. The independency of the effective area of the TS when the piston deviates by ±1 mm from its working position was checked at PTB. Also the typical cross-float sensitivity and reproducibility, piston-cylinder temperature drift, and piston fall rates at different pressures as measured at PTB were reported. The piston-cylinder assembly was manufactured 1980 and therefore was expected to be sufficiently old to have a stable value of its effective area in the period of the comparison. The results of calibrations performed in the PTB 1991, 1992, 1998 and 2002 demonstrated the relative stability of A 0 within 2.4·10 -6 with no systematic change. The TS stability was measured by the pilot laboratory at the beginning, in the middle, and at the end of the comparison.
Organization, chronology and problems during the comparison
The measurements were performed in the following order and times: There were different problems during the comparison. Its finish was delayed by one month because of technical problems in INMS/NRC and, additionally, by one month due to customs problems. When sending the TS from PTB to CENAM an ATA carnet could not be issued because Mexico is not a carnet member. For this reason some participants had difficulties with the temporary import of TS, and, after the measurements at NMIJ/AIST, the TS had to come to PTB for a carnet preparation before it could be sent to NPLI. Although the completeness and state of TS were controlled and documented with the departure and arrival protocols, it arrived in NPLI with a damaged pressure multiplier. An unqualified person had evidently tried to disassemble this on the circuit NMIJ/AIST-PTB-NPLI. This created technical problems for measurements at NPLI. The multiplier was repaired before the final investigation at PTB.
Measurement procedures
The measurements included five cycles each with nominal pressures created in the following order ( 
m i are conventional masses of the piston, the weight carrier and the mass pieces placed on the weight carrier of TS;
ρ i are densities of the parts with masses m i ; ρ a is air density; ρ 0a is conventional value of the air density, ρ 0a = 1.2 kg/m 3 ;
ρ 0 is conventional value of the mass density, ρ 0 = 8000 kg/m 3 ; g is local gravity acceleration; σ is surface tension of the TS oil;
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The participants calculated values of p and ρ a , measured t, and applied the local value of g.
All other parameters were provided by the pilot laboratory. For each measurement point the participants reported the ambient conditions (air temperature and pressure), temperatures of LS and TS, generated pressure and A p . For each nominal pressure they reported summary results including the sensitivity of the cross float, uncertainties of t and p, average A p , its standard deviation and combined standard uncertainty. For pressures 10 MPa and 100 MPa, a list of the main uncertainty sources and their contributions to A p were presented. Additionally, each participant included the zero-pressure effective area of the TS (A 0 ) and its pressure distortion coefficient (λ) which satisfy equation
and are based on the results of all 100 measurements. The combined standard uncertainties of A 0 and λ as well as a description of how they were calculated were included.
Results
Stability of the Transfer standard
The results of the controlled measurements performed at PTB at the beginning (2002), in the middle (2003) , and at end of the comparison (2004) are shown in Fig. 1 and demonstrate the stability of TS at any pressure within 3·10 -6 . The changes in the effective area observed appear rather non-systematic. 
Results of the participants
The participants' mean effective areas, standard deviations of the TS effective areas at each pressure and combined standard uncertainties are given in Table 1 . Table 2 All the standard deviations in Tables 1 and 2 are the experimental standard deviations characterizing the distribution of the observed values (not the standard deviations of means!), which were calculated by the following formulae.
Standard deviation of pressure-dependent effective area:
-11 -Zero-pressure effective area and distortion coefficient:
and their standard uncertainties: 
the chi-squared value is formed as
and the consistency condition
is checked, where ν is the degrees of freedom, ν = 8. For this ν the condition (9) is fulfilled if [8, 9] . Figure 3 presents the relative deviations of the non-weighted mean and median reference values from those calculated as a linear fit. The results of the three approaches agree within 3·10 -6 relative. However, as can be seen in Fig. 4 , the uncertainties of the median reference values are significantly lower than those of the mean reference values. For the mean values, the uncertainties were calculated as standard deviations. For the median values, the uncertainties were calculated according to [9] ( ) Table 3 . 
Numerical data for the deviations and the uncertainties at all pressures are given in Table 4 . The degrees of equivalence between the laboratories are presented in Tables 5 to 14 
Discussion
From An analysis of the comparison results in terms of the zero-pressure effective area and pressure distortion coefficient is of interest because these quantities are frequently reported in calibration certificates (Table 2) . For all participants, the standard deviation of A 0 obtained by the linear regression is noticeably higher than s(A p ), which expresses the fact that A p did not change entirely linearly with pressure. Nevertheless, as a comparison of s(A 0 ) with u(A 0 ) and of s(λ) with u(λ) shows, using the A 0 -λ model the laboratory standards are the main uncertainty source. The relative difference between the maximum and minimum zero-pressure effective areas is equal to 38·10 -6 and between the maximum and minimum pressure distortion coefficients to 0.39·10 -6 MPa -1 . These differences are larger and for some laboratories significantly larger than the expanded uncertainties which are ascribed to the laboratory standards. The value of 0.39·10 -6 MPa -1 is also higher than 0.1·10 -6 MPa -1 , the value assumed to be a reasonable minimum uncertainty of the pressure distortion coefficient of pressure balances implied as reference pressure standards in the CIPM Calibration Measurement Capabilities (CMC) tables of NMIs. However, the source for the discrepancies should be -30 -At a pressure of 20 MPa the NIST result is higher than the results of BNM-LNE and NPL by more than the standard uncertainty. At a pressure of 30 MPa the difference of the NIST and BNM-LNE effective areas is higher than the standard uncertainty.
Although the NIST result for the effective area of the transfer standard agrees within the expanded uncertainty with the key comparison reference value, the larger areas at the low pressures indicate a possible constant force error. NIST was the only participant whose LS and TS operated with different pressure transmitting media, and because of this was the only participant to determine pressure equilibrium between their LS and the TS with a DP cell. If the DP cell produced a constant pressure error of the order of 200 Pa, this would be enough to explain the larger TS areas at low pressure. It is worth noting that the use of the DP cell has not led to any deterioration of the measurement performance at individual pressures; the standard deviation of the NIST A p is within the range of other participants who directly connected the TS to their LS. In a bilateral comparison between NIST and NPLI, which was carried out in the range 40 MPa to 200 MPa immediately before the current CCM comparison, the pressure standards of both laboratories were connected directly without a DP cell and demonstrated equivalence within 2·10 -6 in relative units [10] . Additional investigations are required to definitively conclude on the possible effect of the DP cell or other force errors on the NIST results in the CCM comparison.
Conclusions
The uncertainties of the participants claimed in their CMC tables for the pressure range 10 MPa to 100 MPa are fully supported by this comparison. All the effective areas of the transfer standard reported by the participants agree within their expanded uncertainties (k=2) with the key comparison reference values and with each other. In 342 of 360 pairs of results, agreement within the standard uncertainties is observed. For laboratories presenting the zero-pressure effective area and pressure distortion coefficient of the transfer standard with their combined standard uncertainties, all the results are equivalent within the expanded uncertainties (k=2). The scatter of the reported distortion coefficients, which is four times higher than the uncertainties of the pressure distortion coefficient typically assumed in the CMC tables of NMIs, should be explained by errors in determining the forces acting on the piston rather than by errors in the distortion coefficients of the laboratories' standards.
The results of the comparison show that cross-float measurements with pressure balances working with different liquids still remain problematic and can lead to increased uncertainties. The transfer standard was stable within only a few 10 -6 in the period of the comparison. This fact and also the performance on the 10 -6 level of the laboratories which took part in the regional comparisons in the 10 MPa to 100 MPa range provide a good basis for a link of that regional comparisons to the actual CCM comparison and to each other.
